ABSTRACT: Understanding of the exact cause of patellofemoral pain has been limited by methodological challenges to evaluate in-vivo joint motion. This study compared six degree-of-freedom patellar motion during a dynamic lunge task between individuals with patellofemoral pain and healthy individuals. Knee joints of eight females with patellofemoral pain and ten healthy females were imaged using a CT scanner in supine lying position, then by a dual-orthogonal fluoroscope while they performed a lunge. To quantify patellar motion, the three-dimensional models of the knee bones, reconstructed from CT scans, were registered on the fluoroscopy images using the Fluomotion registration software. At full knee extension, the patella was in a significantly laterally tilted (PFP: 11.77˚AE 7.58˚vs. healthy: 0.86˚AE 4.90˚; p ¼ 0.002) and superiorly shifted (PFP: 17.49 AE 8.44 mm vs. healthy: 9.47 AE 6.16 mm, p ¼ 0. 033) position in the patellofemoral pain group compared with the healthy group. There were also significant differences between the groups for patellar tilt at 45˚, 60˚, and 75˚of knee flexion, and for superior-inferior shift of the patella at 30˚flexion (p 0.031). In the nonweight-bearing knee extended position, the patella was in a significantly laterally tilted position in the patellofemoral pain group (7.44˚AE 6.53˚) compared with the healthy group (0.71˚AE 4.99˚). These findings suggest the critical role of passive and active patellar stabilizers as potential causative factors for patellar malalignment/maltracking. Future studies should investigate the associations between patellar kinematics with joint morphology, muscle activity, and tendon function in a same sample for a thorough understanding of the causes of patellofemoral pain. ß
Patellofemoral pain (PFP) is the most common knee overuse injury and has a profound impact on quality of life of active individuals. Research evidence suggests that PFP is a precursor to early osteoarthritis, 1, 2 which is the leading cause of disability in the North American elderly population. 3 Despite considerable efforts in recent decades to improve the effectiveness of treatment interventions, 70% of individuals with PFP had persistent or recurrent symptoms 5-20 years after the intervention. [4] [5] [6] Poor long-term outcome of current interventions highlights the necessity for a better understanding of the causes of PFP and its contributing factors.
Patellar maltracking with the resulting abnormal stress distribution has been suggested as the primary mechanism for PFP. [7] [8] [9] However, the exact cause is unknown, partly, due to the inability to evaluate invivo three-dimensional (3D) patellofemoral joint (PFJ) motion during dynamic activities. Motion tracking in clinical studies is commonly based on video motion analysis using surface markers, which suffers from measurement inaccuracy produced by soft tissue artifact 10, 11 ; and therefore, lacks enough resolution for measuring dynamic of human joint motion in coronal and axial planes. 11 Thus, researchers investigating PFJ kinematics focused on using 3D imaging modalities.
Some studies used magnetic resonance images (MRI) to measure the patellar position and orientation in quasi-static conditions, 12, 13 which may not replicate patellar motion during dynamic activities. Later some used real-time MRI, and cine-phase contrast MRI techniques for measuring patellar kinematics during dynamic activities. 14, 15 Application of cine-phase contrast MRI technique is limited to the investigation of PFJ kinematics under supine or prone lying, nonweight-bearing activities over a limited range of motion. 15 Research findings support significant differences in patellar kinematics between different joint loading conditions. [16] [17] [18] Thus, evaluation of PFJ kinematics during non-functional activities may not imitate the dynamic of the joint under physiological loading conditions. Real-time MRI technique overcomes the limitations of cine-phase MRI technique by providing the possibility to examine patellar motion during functional activities, yet this technique is limited to two-dimensional (2D) analysis of patellar kinematics during slow movement and suffers from relatively low accuracy to evaluate small joint motion.
14 An overall range of patellar tilt and shift was reported to be small over the full range of knee flexion 19 and during stair ascending task 20 in healthy individuals. A small range of patellar motion further emphasizes the importance of using a highly accurate technique for detecting the differences in PFJ motion between the healthy and pathological knees.
Moreover, using real-time MRI, and cine-phase contrast MRI techniques, subjects are required to perform a task at a specific rate, relatively large number of knee flexion-extension cycles per minutes (35 cycles/min) and slow movement, respectively, which may also influence joint kinematics by encouraging attentional focus. 21, 22 Studies showed that directing focus of attention of a performer on motion parameters, before and during motion, can change joint kinematics. 21, 22 Further, despite methodological advances, there is still controversy between the results of imaging studies. Some studies reported a significant difference for the patellar tilt between individuals with PFP and the healthy individuals, 13, 14, 23 while others found no significant difference. 24, 25 Reports on group differences in patellar medial-lateral shift and rotation are also quite controversial. 13, [23] [24] [25] Despite the influence of differences in the methodology and participants, the controversial results demand using more accurate methods, and analysis of patellar motion using 3D dynamic measures of patellar motion rather than 2D static measures which may not entirely reflect the dynamic movement of the patella. 26 A recent study found only a strong association between the static and dynamic measures of patellar tilt at 10˚of knee flexion, while the association between the other dynamic measures and their static counterparts was weak to moderate and not consistent across the healthy and PFP groups. 26 A novel methodology based on the fusion of CT/MRI and dual fluoroscopy modalities can be used to overcome the limitations of previous studies. 27, 28 Li et al. 27 reported high accuracy (0.1 mm in translation and 0.1i n orientation) and repeatability of this method for measuring the 6 degree-of-freedom (DoF) of knee joint motion. A few studies previously used this method to examine patellar motion in healthy individuals and were able to provide valuable information. 19, 20, 29 This study compared the 6 DoF patellar motion during a dynamic lunge task in individuals with PFP and healthy individuals. We also compared the groups for 3D patellar alignments in a non-weight-bearing (NWB), and weight-bearing (WB) knee extended positions. Based on the results of previous studies, 13, 14 we hypothesized that individuals with PFP would exhibit a significantly abnormal tilt and medial-lateral shift of the patella during knee flexion and at knee extension positions in comparison to their healthy counterparts. Individuals with PFP usually feel pain during weightbearing activities. Therefore, from a clinical perspective, it is of great importance to evaluate patellar motion during real condition over a functional range of motion to provide accurate insight into the causes of PFP. A thorough understanding of potential kinematical disturbances associated with PFP is critical for developing effective treatments.
METHODS
Eight females (29.7 AE 10.6 years, 63.0 AE 9.1 kg, 165.6 AE 7.6 cm) with a diagnosis of PFP and ten females (25.0 AE 7.7 years, 61.5 AE 7.4 kg, 165.8 AE 4.5 cm) with no history of knee injury participated in this case-control study. There were no significant differences between the groups for age, weight, and height (p > 0.05). PFP participants had a mean pain intensity of 57.9 AE 6.7 in the previous month rated using Visual Analogue Scale (VAS) (0 represents "no pain," and 100 represents "very severe pain"), and a mean function score of 78.0 AE 6.7 out of 100 based on the Kujala questionnaire (higher score indicates fewer functional limitation). The Insall-Salvati ratio was determined using sagittal CT images at knee extension position for each participant. The InsallSalvati ratio was in the normal range in the PFP (1.04) and the healthy group (0.96).
We conducted a pilot study with a sample-size power analysis of b ¼ 0.20 and a ¼ 0.05 using mean differences for the patellar tilt between the groups. Based on this analysis, a maximum of seven participants per group was needed to power the study adequately.
Inclusion criteria for PFP individuals were a history of peripatellar or retro-patellar knee pain with insidious onset, exaggerated during at least one of following activities: Ascending and/or descending stairs, squatting, kneeling, jumping, long-sitting and running; pain severity of at least 30 on a 100-mm VAS in the past 3 months. Exclusion criteria were more than trace knee effusion, a history of patellar dislocation; positive patellar apprehension sign, and positive patellar glide test; knee surgery; a history of the meniscus and ligamentous pathology; tendinitis; Osgood-Schlatter or Sinding-Larsen-Johansson syndrome; hip, back, or sacroiliac pain; and neuromuscular disorder of the lower extremity.
The healthy individuals had no history or diagnosis of knee or hip pathology; no pain with any of the challenging activities for PFP; no previous major lower limb surgery or trauma. A sports medicine physician was responsible for screening subjects. Participants underwent a routine safetyscreening interview before CT scanning and fluoroscopy. This study received the ethics approval from the Health Research Ethics Board of the University of Alberta. An informed written consent was obtained from each participant before testing.
Data Collection
The affected or the most affected knees of the individuals with PFP (five left and three right knees) and one randomly selected knee of the healthy individuals (two left and eight right knees) were imaged using a CT scanner (General Electric Discovery 750HD 128 slice) in knee extension position. The CT scans were captured in a 25-cm display field of view with a 0.625 slice thickness, the spacing between slices of 0.625 mm, the image voxel sizes of dx ¼ 0.488 mm, dy ¼ 0.488 mm, dz ¼ 0.625 mm, and a resolution of 512 Â 512 Â 256 pixels. A dual-orthogonal fluoroscopic system (Seimens, Erlangen, Germany; set at 71 kvp, 1.9 mA and an average dose rate of 1.163 mRem/min) was used to image the knee joint motion during a lunge task from full knee extension to at least 90˚of flexion (Fig. 2a) . When performing the lunge task, participants supported their body weight on the test leg while the other leg was used to keep their balance. Participants performed a 5-min period of walking for warm-up and two to three familiarization trials of the lunge task before the actual test. Each subject completed one test trial of the lunge. Participants in both groups received the same instruction, no specific treatment/guidance given regarding different knee status. The experiment data were 2194 ESFANDIARPOUR ET AL.
numbered. The researcher who analyzed the results did not know which number corresponded to healthy or PFP individuals.
Data Processing and Analysis
The CT scans were used to create a 3D anatomical model of each knee bone by segmenting the images using a custom Matlab 1 program (The MathWorks, Inc., Natick, MA) (Fig. 1a) . To measure the relative 3D position of the knee bones throughout the range of motion, each 3D CT model was registered to the fluoroscopy images using a re-projection algorithm utilizing the Fluomotion software (Innomotion, Inc., Shanghai, China). The 3D-to-2D re-projection transformation was determined by imaging a calibration jig (Fig. 2b) where known targets are imaged in both fluoroscopic sensors ( Fig. 2c and d) . The calibration algorithm compensates for radial image distortions and computes the relative positions of the two fluoroscopic sensors and their projective transform. Each 3D knee model along with the coordinate system was imported into the Fluomotion software and projected onto the two-virtual fluoroscopic images using the fluoroscopic sensors calibration parameters (Fig. 3) . The position and orientation of each bone were adjusted in 6 DoF until their projections matched the bone boundaries outlined on the fluoroscopic images. Their relative positions and angles were then determined at each flexion angle. This procedure was repeated for all knee flexion angles. Finally, we obtained the 6 DoF data of patellar motion with the knee flexion changes from knee extension to 75˚flexion. The complete registration algorithm is shown in Figure 4 , and is described in detail by Li et al. 27 
Coordinate Systems and Description of Patellar Motion
This study used the methods described by Nha et al. 19 to install the coordinate systems of the femur and the patella and define PFJ motion. The femoral coordinate system consisted of the trans-epicondylar axis (TEA), with the origin of the coordinate system at its midpoint, and the long axis of the femur along the posterior wall of the femur in the sagittal plane. The anterior-posterior (AP) axis of the femur was mutually perpendicular to the other axes at the origin of the coordinate system.
For the patellar coordinate system, a rectangular box was fitted around the patella that touched the patellar contours in the superior-inferior (SI), medial-lateral (ML), and AP directions to decrease potential variability in identification of bony landmarks. The geometric center of the box was considered as the origin of the patellar coordinate system. The ML axis of the patella was defined as the line connecting the patellar medial and lateral ridges passing through the origin of the coordinate system. The long axis of the patella was the line along the SI direction passing through the origin of the coordinate system (Fig. 1b) . For the long axis of the tibia, a line was drawn parallel to the posterior surface of the tibia in the sagittal plane. Knee flexion angle was defined as the angle between the femoral and tibial long axes in the sagittal plane.
Patellar flexion was defined as the rotation of the long axis of the patella around the TEA (Fig. 1b) . Patellar tilt was defined as the rotation of the patella about its long axis, where lateral tilt corresponded to the direction of external femoral rotation (Fig. 1b) . The ML patellar rotation was the rotation of the patella about its AP axis, where lateral rotation corresponded to the direction of valgus rotation of the tibiofemoral joint (Fig. 1b) . Patellar ML shift was defined as a translation of the center of the patella along the TEA relative to the knee center. Patellar SI and AP shifts were the translations of the center of the patella along the SI and AP axes relative to the knee center. Positive values refer to medial, superior, and posterior patellar shifts. The knee alignment at standing knee extension was set as the zero reference. Nah et al. examined the validity of this method for measuring PFJ motion using spherical beads and a cadaveric knee and reported a measurement accuracy of less than 0.1 mm for the patellar shifts and about 0.1˚for the patellar rotations. 19 We also described 3D alignment of the patella relative to the femur in the NWB (CT imaging position) and WB (standing position) knee extended positions. For this, the patellar tilt and medial-lateral rotation were measured as the rotation of the patella about the long and the AP axes of the femur, respectively.
Statistical Analysis
Independent T-Tests were used to evaluate the differences between the groups for age, weight, and height. A mixed ANOVA was used to evaluate the effect of knee extended position (NWB versus WB) and the group (PFP vs. healthy) on patellar aligment. A 2-by-6 (group by knee flexion angle) mixed-model analysis of variance (ANOVA), with knee flexion angle as repeated factor, was performed for each patellar kinematic parameter (the dependent variables). We reported the main effect when group-by-angle interaction was not significant, and the simple main effect when the PATELLAR TRACKING AND PATELLOFEMORAL PAIN interaction was significant. The pairwise comparisons with Bonferroni adjustments were performed to locate significant differences when appropriate. Independent T-Tests were used to explore group differences at different knee flexion angles. Statistical analyses were performed using SPSS statistical software (SPSS, Inc., Chicago, IL, version 25). Significance levels were set at p < 0.05.
RESULTS

Patellar 3D Alignment Relative to the Femur in Knee Extended Positions
In the NWB extended position of the knee, the patella was in a significantly greater laterally tilted orientation in the PFP group (7.44˚AE 6.53˚, F ¼ 6.158, p ¼ 0.025) compared with the control group (0.71˚AE 4.99˚) (Fig. 5b) . The patella was also in a more superiorly shifted position in the PFP group (18.21 AE 5.93 mm) compared with the healthy group (14.90 AE 5.73 mm) (F ¼ 1.437, p ¼ 0.248) (Fig. 5e) .
On average, the patella was in a neutral medial-lateral rotation (PFP: 0.53˚AE 2.18˚, healthy: 0.10˚AE 2.57˚) (Fig. 5c ) and flexed position in both groups (%12˚) (Fig. 5a ).
In the WB knee extended position, the patella was in a significantly laterally tilted position in the PFP group (11.77˚AE 7.58˚) as compared to the control group (0.86˚AE 4.90˚) (F ¼ 13.678, p ¼ 0.002) (Fig. 5b) . There was a significantly larger superior patellar shift in the PFP group (17.49 AE 8.44 mm) compared with the healthy group (9.47 AE 6.16 mm) (F ¼ 5.444, p ¼ 0.033) (Fig. 5e) . In WB knee extended position, the patella was in an almost 8˚of extension in both groups (Fig. 5a) .
Except for patellar flexion (F ¼ 144.239, p < 0.001), we found no significant differences between WB and NWB extended positions for the magnitude of other patellar alignment parameters (p > 0.05) in both groups (Fig. 2a-f ).
Patellar Motion During the Lunge Task
We found a significant angle-by-group interaction for the patellar tilt (F ¼ 3.125, p ¼ 0.040).
The group differences for the patellar tilt were significant at 45˚(F ¼ 5.565, p ¼ 0.031), 60˚(F ¼ 9.293, (Fig. 6b) . The pairwise comparisons revealed no significant differences for the patellar tilt among the knee flexion angles in both the healthy and the PFP groups (p > 0.05). In the PFP group, the patella consistently tilted medially from full extension to 75˚flexion (À5.90˚AE 7.61˚) (Fig. 6b) . In the healthy group, the patella slightly tilted medially from full extension to 30˚of knee flexion (À1.07˚AE 3.76˚). It then tilted laterally from 30˚to 75˚flexion (þ2.83˚AE 7.10˚).
There was no significant group-by-knee angle interaction for the patellar rotation (F ¼ 0.464, p ¼ 0.666). The group differences for the patellar rotation were not significant (F ¼ 0.003, p ¼ 0.954), averaged across all flexion angles. The main effect of knee angle was significant for patellar rotation (F ¼ 6.359, p ¼ 0.003). In the PFP group, the patella remained in an almost neutrally rotated position from knee extension to 30˚of flexion (0.50˚AE 8.5˚). It then rotated medially up to 75o f knee flexion (À9.21˚AE 9.43˚) ( Fig. 6c ) with significant differences at 45˚(p ¼ 0.005) and 60˚(p ¼ 0.034) of flexion. In the healthy group, the patella consistently rotated medially from full extension to 75˚of knee flexion (À7.60˚AE 11.02˚) (Fig. 6c) , with no significant differences between the joint angles (p > 0.05).
There was no significant difference between the groups for averaged patellar flexion across the knee angles (F ¼ 0. 881, p ¼ 0.362). The main effect of flexion angle was significant (F ¼ 127.015, p < 0.001) for patellar flexion (no significant group-by-angle interaction). The patellar flexion angle increased significantly with the knee flexion changes from 0˚to 75˚in both groups (p < 0.001).
The group differences for the patellar ML shift was not significant (F ¼ 0.056, p ¼ 0.815). The mean differences in patellar ML shift at different knee flexion angles were also not significant (F ¼ 1.319, p ¼ 0.279) (no significant interaction).
The main effect of group (F ¼ 4.345, p ¼ 0.48) and knee angle (F ¼ 279.905, p < 0.001) were significant for the patellar SI shift (no significant interaction). The group differences for patellar SI shift were significant at full extension (F ¼ 5.444, p ¼ 0.033) and 30˚knee flexion (PFP: À4.22 AE 7.65 mm vs. healthy: À11.36 AE 5.67 mm, F ¼ 5.192, p ¼ 0.037) (Fig 6e) . From a superiorly shifted position at full extension, the patella consistently shifted inferiorly with increasing knee flexion angle in both groups. There were significant differences between almost all knee flexion angles for the amount of inferior shift of the patella in both groups (p < 0.001).
DISCUSSION
As hypothesized, the finding of our study suggests an abnormal patellar tilt in WB and NWB knee extended positions and during the lunge task in individuals with PFP compared with the healthy individuals. However, there were no significant differences in the mediolateral shift of the patella between groups in both static and dynamic conditions. Surprisingly, our results showed that the patella aligned in a significantly superiorly shifted position at full knee extension and during knee flexion in PFP individuals who had no clinical sign of patellar instability as compared to the healthy controls.
Patellar Alignment in the Knee Extended Positions
In the NWB extended position, the patella was in a significantly laterally tilted position in the PFP group compared with the healthy group. In knee extension position, the patella has a slight contact with the femur and its stability is maintained by passive structures, that is, the retinacula and ligaments and the articular geometry rather than the quadriceps muscle tension. 30, 31 An abnormally increased lateral tilt of the patella in the NWB extended position with the quadriceps relaxed can be attributed to the role of joint morphology and passive stabilizers of the patella as reported by previous studies. Further research considering patellar alignment along with joint morphology, and the height of patella is necessary for further clarification of potential contributors to patellar malalignment in individuals with PFP at rest.
In the WB-extended position, the abnormal tilt of the patella was further increased in the PFP group. However, the tilt angle remained almost unchanged in the healthy group. This may suggest an activation imbalance of vasti muscles and/or a strength deficiency of the vastus medius oblique in individuals with PFP. [32] [33] [34] Further comprehensive research is required to verify the association between muscular strength and muscular activation deficiency with patellar alignment.
Patellar Tracking During the Lunge Task
In our study, the range of patellar tilt in the PFP group ($6˚) was twice as much as in the healthy ones (2.8o ver 75˚of knee flexion), with significant difference between the groups at 45˚, 60˚, and 75˚flexion. Other researchers have also reported significant differences in patellar tilt during WB knee extension by 2D analysis of PF motion in individuals with PFP when compared with healthy individuals. 13, 14 The trend of patellar tilt was also different between the groups in our study. In Ã indicates significant difference between the groups (p < 0.05). † and ‡ indicate significant differences between the knee extended positions within the healthy and the PFP groups, respectively (p < 0.05).
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the PFP group, the patella increasingly tilted medially as the knee flexed to 75˚, with the major part of medial tilt occurring in the early 30˚of motion (4.6˚). In the healthy group, similar to previous studies, the patella tilted medially over the early 30˚of flexion and then laterally. 35, 36 Normally, the patella does not engage with the trochlea in the early 30˚of knee flexion. 37 One explanation for a significantly greater medial tilt of the patella observed in the PFP group, in part, might be an abnormal lateral tilt of the patella at initial full extension. This would then require additional medial tilt of the patella to engage with the trochlea during flexion.
In our study, no significant difference was found between the groups for patellar rotation. Souza et al. 13 also found no significant difference between females with PFP and healthy females in ML rotation of the patella.Inconsistent with our finding, other investigators found a lateral patellar rotation with knee flexion in healthy knees. 19, 29 This may be explained by our analysis of patellar motion during a dynamic condition, and the application of different zero references to Figure 6 . Six degrees of freedom patellar motion (a-f) as a function of knee flexion in the healthy (solid line) and patellofemoral pain individuals (dashed line). † and ‡ indicate significant differences among the knee flexion angles in the healthy and the PFP groups, respectively (p < 0.05).
Ã indicates a significant difference between the groups (p < 0.05).
PATELLAR TRACKING AND PATELLOFEMORAL PAIN describe patellar motion. 19, 29 In our study, the knee extension position at the beginning of the lunge task was set as the reference position; in Nha et al. 's 19 study, the knee extension position during CT imaging was set as the reference.
During the lunge task, the patella consistently flexed with knee flexion from 0˚to 75˚in the PFP ($47˚) and the healthy ($53˚) groups. There were no significant differences between the joint angles, and the groups for the amount of patellar flexion (p > 0.05). An almost similar range of patellar flexion was reported by Nha et al. (55˚at 75˚of flexion) and Varadarajan et al. 19, 29 The patella increasingly shifted inferiorly in both groups from full extension to 75˚flexion. In general, the patella was in a more superiorly shifted position in the PFP group throughout the range of motion tested compared with the healthy controls, with significant differences at full extension and 30˚flexion between the groups. This suggests that in patients with PFP, the patella does not properly engage the trochlea during early knee flexion. Accordingly, abnormal contact may occur which in turn imposes abnormal stress on the articular surface of the patella. The PFP participants in our study had no history and/or sign of patellar dislocation/subluxation (negative patellar apprehension sign) and patellar Alta (the Insall-Salvati ratio ¼ 1.04). Therefore, a superiorly shifted positioning of the patella in static and dynamic tasks in our study can hardly be attributed to patellar instability. However, a detailed assessment of the relationship between the patellar tendon length and the length of the patella should be considered in future studies.
In the healthy group, the patella was in a laterally shifted position during the first 15˚of knee flexion, it then shifted medially and remained in an approximately neutral position through the rest of flexion (Fig. 6d) . This indicates that the patella engages the trochlea after 30˚of knee flexion in the intact knees as shown by others. 19, 20, 24 However, in the PFP group, the patella was in a laterally shifted position relative to the femur throughout the range of knee flexion tested.
Our study used a highly accurate technology to investigate 6 DoF motion of the patella in individuals with PFP and healthy individuals during a WB functional task. Participants performed the task at their own pace. Patellar alignment in static conditions (NWB and WB) were also analyzed and compared between groups. However, there are limitations to our study. In this study, we focused on the 6 DoF patellar motion differences between the groups. We did not consider the femoral shape. We measured the patellar height at full knee extension, while ideally the patellar height should be measured at 30˚knee flexion. Future studies should investigate the inter-relationship between patellar kinematics, joint morphology, knee muscle activity, and tendon function. This is crucial for the detailed understanding of the causes of PFP.
From a clinical perspective, it is also essential to explore the femoral motion at the hip joint and its potential linkage with abnormal PFJ kinematics in PFP individuals. This will clarify the role of proximal factors, that is, potential disturbances in hip joint kinematics, in development of PFP.
In general, our findings indicate a significant laterally tilted and more superiorly shifted position of the patella in the knee extension position (in supine lying and upright standing) and during a dynamic lunge in PFP individuals compared with healthy controls. These findings suggest the critical role of passive and active patellar stabilizers as potential causative factors for patellar malalignment/maltracking.
Our findings may also explain the higher prevalence of isolated lateral patellofemoral joint osteoarthritis than medial. 37 Further research is required to verify an association between the experimental and clinical findings.
AUTHORS' CONTRIBUTIONS
All authors were fully involved in the study and preparation of the manuscript, and each of them has read and concurs with the content in the final manuscript. Fateme Esfandiarpour had a substantial contribution to research design, and acquisition, analysis, and interpretation of data. She also drafted the manuscript. Constance M. Lebrun supervised the development of the study, helped in data collection, the manuscript evaluation, and acted as the corresponding author. Sukhvinder Dhillon supervised and helped in data collection, and the manuscript evaluation. Pierre Boulanger supervised data processing and analysis and revised the manuscript critically.
